In the present work, an ethanol fed Solid Oxide Fuel Cell-Gas Turbine (SOFC-GT) system has been parametrically analyzed in terms of exergy and compared with a single SOFC system. The solid oxide fuel cell was fed with hydrogen produced from ethanol steam reforming. The hydrogen utilization factor values were kept between 0.7 and 1. The SOFC's Current-Volt performance was considered in the range of 0.1-3 A/cm 2 at 0.9-0.3 V, respectively, and at the intermediate operating temperatures of 550 and 600 °C, respectively. The curves used represent experimental results obtained from the available bibliography. Results indicated that for low current density values the single SOFC system prevails over the SOFC-GT hybrid system in terms of exergy efficiency, while at higher current density values the latter is more efficient. It was found that as the value of the utilization factor increases the SOFC system becomes more efficient than the SOFC-GT system over a wider range of current density values. It was also revealed that at high current density values the increase of SOFC operation temperature leads in both cases to higher system efficiency values.
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Introduction
The majority of current energy needs is supplied by combustion of non-renewable energy sources such as fossil fuels, which is associated with the release of large quantities of greenhouse gases, especially carbon dioxide (CO 2 ), and other harmful emissions to the atmosphere. Energy demand is increasing at an exponential rate, leading to a gradual depletion of the fossil fuels. This fact, combined with the efforts against pollution and greenhouse gas emissions, has led to considerable interest in using alternative sources of energy [1] .
An answer to the above consideration could be hydrogen, which is considered to be the energy carrier of the future as it can play a major role in reducing harmful environmental emissions [2] . Nevertheless, nowadays most of hydrogen produced derives from fossil-based materials. Therefore, a renewable and clean energy source for hydrogen production seems to be necessary. Ethanol is a promising source of hydrogen as it is produced from biomass in a renewable way providing a closed carbon loop. Moreover ethanol has high hydrogen content and low toxicity [3] .
The hydrogen produced from ethanol can be fed to alternative energy conversion systems such as fuel cells. It is well known that fuel cells are electrochemical devices that can directly convert chemical energy (i.e., hydrogen) into electricity. Solid Oxide Fuel Cells (SOFCs) are currently the highest-temperature fuel cell in development and can be operated over a temperature range from 800 to
1100 °C so as to be highly efficient. During the last few years, many theoretical studies have appeared in the literature concerning Solid Oxide Fuel Cell systems [4] [5] [6] [7] and Solid Oxide Fuel Cell combined with Gas Turbine (SOFC-GT) power cycles [8] [9] [10] [11] [12] [13] [14] [15] . Most of these works have been devoted to high temperature SOFC systems fuelled by methane [12, 13] and only very few of them concerned ethanol-fed SOFC-GT systems [14] .
Srisiriwat [16] proposed a high temperature (1200 K) operation SOFC-GT combined system, integrated with an autothermal reformer and fed with ethanol for power generation. Also, Cocco et al. [17] demonstrated that alternative hydrogen carriers such as ethanol are very attractive fuels for SOFC-GT systems. Douvartzides et al. [18] tried to optimize ethanol-fed SOFC-based systems in terms of energy and exergy. Thermodynamic analysis for a solid oxide fuel cell with direct internal reforming fueled by ethanol has been performed in [19] . Performance of ethanol-fuelled solid oxide fuel cells was also investigated in terms of conductors used [20] . Casas et al. [21] recently studied a SOFC system integrated with an ethanol steam reforming unit using detailed model of all components of the plant, with a special attention to the kinetics of the ethanol steam reforming. Zhe et al. [22] also studied an ITSOFC co-generation system fueled by ethanol. Nevertheless, all the above works are based on theoretical models for the prediction of fuel cell performance. Low and intermediate temperature SOFCs have received considerable attention recently due to the improved stability, reliability and reduced cost. Moreover, SOFCs' operation at lower temperatures could: (a) enable the use of inexpensive metal components as inter-connects, (b) enhance the stability and durability of all the components and (c) offer the potential of more rapid start-up and shutdown procedure [23] .
Taking into consideration that novel materials have recently been developed for intermediate temperature solid oxide fuel cells (with peak power density of ~1 W/cm 2 at 600 °C [24] ), in the present investigation a mathematical model has been developed. The model simulates-from energy and exergy point of view-the operation of an intermediate temperature solid oxide fuel cell integrated with a conventional gas turbine (IT-SOFC-GT). It is the first time to our knowledge that experimental results for an intermediate temperature fuel cell performance taken from the open literature are used. Another aspect of this work is the exergetic comparison of a single ITSOFC system with an ITSOFC-GT system in order to investigate operating conditions where a hybrid system prevails in terms of efficiency.
Systems Description
In the present work two different configurations were analyzed and compared in terms of exergy efficiency: (a) a SOFC-GT system consisted of a SOFC stack, a compressor, a recuperator, a burner-reformer device, an evaporator and a turbine and (b) a single SOFC system consisting of a SOFC stack, a recuperator, a burner-reformer device and an evaporator. The considered configurations for both systems are presented in Figure 1 . In the SOFC-GT system: air (1) is firstly compressed, (2) then is preheated at the recuperator at the operating temperature of the fuel cell (3) and enters the SOFC stack's cathode. A liquid ethanol and water mixture (9), after being evaporated (10) , enters the reformer where ethanol is completely externally reformed and converted into hydrogen rich gas (11) and then enters the SOFC stack's anode. In the fuel cell the electrochemical reaction where heat and electricity are produced takes place. The fuel cell's products (4) enter the burner where the un-reacted hydrogen is burnt. As additional heat is required for the operation of the plant additional ethanol is separately fed into the burner and is directly combusted. The hot exhaust burner-reformer's products (5) are then expanded through the turbine. Finally, the exhaust gas (6) provides the heat required for (i) the inlet air preheated in the recuperator (7) and (ii) the liquid mixture evaporating in the evaporator, and then is discharged to the environment (8) . The operation of the single SOFC system is similar. In this case the inlet air is preheated without being compressed, while the exhaust burner's product is directly fed to the recuperator. 
System Modeling
The thermodynamic properties of each compound of the gas streams for any operating point of the system are calculated using interpolation of thermodynamic tables [25] . The system is fed with ethanol and water (1:3) both in liquid phase and ambient temperature. Inlet air was considered as an ideal gas consisting of 21% O 2 and 79% N 2 . All exhaust products were also considered as ideal gases and their composition was calculated taking into account the reactions occurred in each position. The programming environment was MATLAB. Simplified models similar to the ones used in references [26] [27] [28] have been used for the turbo machines as well as for heat exchangers, since the focus was given to compare the exergetic performance of a SOFC alone or incorporated with a GT rather than to investigate part load behavior of a SOFC-GT system.
Solid Oxide Fuel Cell
Although SOFC is fed with a mixture of H 2 , CO 2 and H 2 O, H 2 is the only reacting component with a Lower Heating Value (LHV H2 ) of 121,000 kJ/kg calculated from the reaction of hydrogen combustion applying thermodynamic rules [29] .
The reactions taking place are:
Anode Reaction:
Cathode Reaction:
Overall Cell Reaction:
Defining the current density i as electron transfer rate per unit activation area of the fuel cell, V the cell voltage and A C the activation area, the fuel cell power can be calculated through the relation:
The stoichiometric amounts of air and hydrogen mass flows in the systems examined are calculated through the following relations [30] : 7 , 3.57 10
Since hydrogen from the fuel and oxygen from the air are not completely consumed by the electrochemical reactions, the actual mass flows of fuel (anode inlet) and air (cathode inlet) can be determined from the fuel (U f ) and air (U a ) utilization factors expressed as below:
2, 2,
Utilization (U) refers to the fraction of the total fuel or oxidant introduced into a fuel cell that reacts electrochemically. The amount of hydrogen (produced in reformer device) that is electrochemically oxidized in fuel cell is related to the fuel utilization factor (U f ) and produces heat and electrical power. Through this reaction oxygen from air is consumed, water is produced and the unreacted hydrogen is directed to the burner device. Applying the first Law of Thermodynamics to the SOFC device, an energy balance relationship results, as presented in Equation (9):
where:
Burner-Reformer
The preferred ethanol steam reforming process is represented by the following endothermic reaction with the formation of CO 2 as the desired product:
At the chosen temperature values (550 and 600 °C) the conversion of the above reaction reaches the thermodynamically predicted values [31] . The analysis of the ethanol reforming process, which is very complex, can be greatly simplified, from the computational point of view, assuming that the ethanol steam reforming reaction is driven to completion. It is possible to use such simplification because the hydrogen produced by the reforming reactions is consumed by the electrochemical reaction and because of the high value of its equilibrium constant in the operating conditions considered [32] . In fact many studies have shown that the ethanol steam reforming reaction is driven to completion using appropriate catalysts [33] [34] [35] .
The hydrogen produced in the reformer is consumed at the fuel cell for the production of electricity. The un-reacted hydrogen (in case of U f < 1) reaches the burner where it is oxidized producing thermal energy. When necessary, ethanol can also be oxidized in the burner device to satisfy the required thermal energy needs:
The produced thermal energy is calculated through Equation (15):
Part of the thermal energy produced from this process is required for ethanol steam reforming and is given through the following relation:
The energy balance for the Burner-Reformer lumped device can be expressed as:
and * m  refers to the resulting composition after the reactions have taken place in the burner and the mixture is in equilibrium.
Compressor
The isentropic efficiency of the compressor in the SOFC-GT system is defined as follows:
where T 2s represents the ideal (isentropic) temperature corresponding to pressure P 2 :
and the compressor's power consumption is calculated from Equation (22):
Turbine
The turbine isentropic efficiency is defined from Equation (23):
where T 6s is the ideal (isentropic) temperature:
and the turbine generated power is calculated from Equation (25): 5 6 .
Recuperator
The recuperator effectiveness is defined as the heat that is actually transferred to the maximum heat that could be transferred given through the simplified relation:
It is assumed that heat transfer from the recuperator to environment is negligible so the energy balance is:
Evaporator
The evaporator is modeled through equations similar to the ones used in the recuperator device:
Simulation of the Systems
In order to simulate the operation of the SOFC-GT plant, Equations (4)- (31) are used, while for the simulation of the SOFC plant operation, the same equations are used except from Equations (20)- (25) that concern the compressor and the turbine.
From both examined systems, the overall work output that is finally utilized is given from the following equations:
where AC  represents the AC inverter efficiency.
Exergy Analysis of the Systems
It is well known that the exergy of a system is the maximum useful work that can be extracted from that system when it is brought reversibly to equilibrium with its environment. An exergy balance applied to a system provides information on the wasted work potential during a process as a result of irreversibilities (exergy destruction or lost work) defined also as second-law efficiency [3, 36] . An exergy analysis is a powerful tool for optimizing thermodynamic systems and can be used to identify which components of the system are responsible for irreversibilities, or lost work. Exergetic analysis could lead to more realistic conclusions concerning the specification of design conditions than the conclusions resulting from conventional energy analysis [37] .
Using Equations (4)-(33), the thermodynamic variables in each position for both systems are calculated. Exergy analysis of both cycles is carried out applying for each position Equations (34)- (36) . The total exergy at a specific position (e.g., compressor outlet) has been estimated from Equation (34) and is the sum of the physical and chemical exergy of the components that are associated with their physical and chemical properties, respectively. An exergy balance for a control volume at steady state is formulated to calculate exergy destruction D E  using Equation (35) . Exergy efficiency is referred to the exergetic potential of the primary fuel (standard exergy of ethanol) and is expressed through Equation (36) 
In Equation (34) , all quantities are on a "per kmol" basis, then are converted to "per kg" basis in order to be used in other equations.
Results and Discussion
The systems under investigation presented in Figure 1 are simulated at steady state performance. Reasonable operating parameters of the systems investigated have been adopted from the literature [13, 17] , and are presented in Table 1 . Discussion on the parameters selection for systems with power rate in the range considered can be found in the above references. The variation of fuel cell voltage and power density with current density at 550 and 600 °C operating temperature of the fuel cell is shown in Figure 2 . This information comes from existing experimental results reported in the literature [24] . The specific curves are used to define the reference cell voltage. The model also incorporates semiempirical correlations [38] [39] [40] to evaluate the effects of the operating pressure and fuel composition on the actual (final) voltage value. Higher current densities increase the irreversibilities in the cell and results in lower voltages. Concentration losses are the main reason for the low output voltages at high current densities. These losses are higher at 550 °C than at 600 °C. Points A, B, C and D distinguished in Figure 2 represent the operating points of an intermediate solid oxide fuel cell operating at 600 °C at 0.1, 1, 2 and 3 Α/cm 2 respectively. In this work, the system's exergetic performance is examined at these points.
The exergy efficiency variation for both systems (SOFC-GT, SOFC) in relation to the current density and fuel utilization factor is illustrated in Figure 3 . It can be observed for both systems that the exergy efficiency value approaches 60% when the fuel cell operates at very low current density and U f approaching 90%. However, when higher current densities are required, the SOFC-GT exergetic efficiency prevails that of SOFC (close to 50% and 25% respectively at U f = 0.90 and current density 3 A/cm 2 ). Two different regions can be distinguished in case of the SOFC-GT system: region A and region B. The region A represents the operating conditions where an additional amount of ethanol has to be consumed in the burner for the thermal needs of the system to be covered. Region B represents the operating area where there is no need for additional ethanol to be supplied to the burner. In this region the values of fuel utilization factor are low and the values of current density are high. When the value of the utilization factor is low additional thermal energy is provided to the system due to un-reacted hydrogen from the fuel cell which is eventually burnt in the burner device. When the value of current density is high, thermal energy sufficient to cover the thermal needs of the system is derived from the polarization losses. With reference to the simple SOFC system the region A decays to a single point. This means that the system operates with additional ethanol amount to the burner (region B) for all operating conditions. The exergy efficiency decreases with the increment of current density and decrement of fuel utilization factor.
The dependence of the exergy efficiency of both systems (SOFC-GT, SOFC) in relation with the current density at different values of fuel utilization factor is better illustrated in Figure 4 . When the systems are operating with low fuel utilization factor, the SOFC-GT plant is more efficient than the SOFC plant. As the value of the utilization factor increases two discrete regions can be observed, limited by point I. This point depends on the fuel cell's working conditions-especially on the utilization factor-and can be defined as the equivalent point where the exergy efficiency of the SOFC-GT plant becomes equal to that of the SOFC system. In the region before point I (lower current densities) the exergy efficiency of the SOFC system is slightly higher than the efficiency of the SOFC-GT system. After this point it becomes evident that the efficiency of the SOFC-GT is higher than the efficiency of the SOFC system. Polarization losses actually mean loss of potential useful work that is converted to heat. At the SOFC plant, polarization losses in the current density range from 0.1 to 3 A/cm 2 lead to high efficiency drop (>60%). At the SOFC-GT plant, part of the heat generated from polarization losses is further converted to useful work through the gas turbine and consequently the efficiency drop of this system is lower (<35%). It can also be observed in Figure 4 that while fuel utilization factor increases, the equivalent point described before is displaced at higher value of current density and the region where the exergy efficiency of the SOFC plant is slightly higher than the efficiency of the SOFC-GT is also extended. This is expected as the increase of the fuel utilization factor means better and more efficient fuel cell operation as un-reacted fuel decreases. Figure 5 illustrates the effect of fuel utilization factor U f on the exergy efficiency for both systems at specific values of current density. It is clear that the value of fuel utilization factor affects more the efficiency of the SOFC's system than the efficiency of the SOFC-GT's system, although the value of fuel utilization factor shows no impact on systems' performance when their operating points are in A region. It is also observed that the efficiency of the SOFC system is considerably lower compared to the efficiency of the SOFC-GT system at higher values of current density and the rate of efficiency reduction for the SOFC system is higher too. In Figure 6 the exergy efficiency of the SOFC-GT plant at 600 °C fuel cell operating temperature is compared to the one at 550 °C respectively for different values of current density and fuel utilization factor. It is observed that the system is more efficient at low values of current density and lower fuel cell operating temperature. As the value of utilization factor increases the efficiency of the plant at 550 °C is higher than the efficiency at 600 °C for a wider range of current density values. Moreover, the rate of the efficiency decrease (as the current density increases), is higher at 550 °C, as polarization losses at lower temperature occur at greater extend as illustrated in Figure 2 . Figure 6 . The effect of current density, fuel utilization factor and fuel cell operating temperature on the exergy efficiency of the SOFC-GT. Figure 7 illustrates the turbine inlet temperature (TIT) at different values of current density and fuel utilization factor. When the SOFC-GT operates in region A (described before) TIT is almost constant at about 1200 K. In region B TIT increases with the current density and fuel utilization, reaching high values. This fact must be taken into account during system operation in order to avoid a turbine failure, especially for a turbine without blade cooling that is usually the case for small gas turbines with pressure ratio in the range considered. Figure 7 . The effect of current density and the fuel utilization factor on the gas turbine inlet temperature (TIT); T FC = 600 °C and r p = 4.
Exergy destruction rate of the systems' devices is presented in Figure 8 . It is observed that for all the devices exergy destruction rate increases along with the increase of the current density. In both systems, the maximum irreversibilities occur in the fuel cell device. As it can be distinguished from Figure 8 , high amounts of exergy are also destructed in the burner and the recuperator especially in the case of the SOFC system.
In Figure 9 is presented the exergy destruction rate of each device for both systems for the different fuel cell's operating points (V-I) A, B, C, D shown in Figure 2 . It is obvious that the SOFC plant is more exergy destructive than the SOFC-GT plant. It is observed that as the value of current density increases the total exergy destruction rate of the SOFC plant overcomes the total exergy destruction rate of the SOFC-GT plant. When the value of current density remains low, the maximum irreversibility occurs in the burner-reformer device for the SOFC-GT system and in the fuel cell stack for the SOFC system. As the current density increases the fuel cell becomes the most exergy destructive device for both systems. At low current densities the burner-reformer device of the SOFC-GT system, where additional ethanol has to be burnt for the thermal needs of the system, is more exergy destructive than the same device at the SOFC plant. At high current densities where there is no need for additional heat, the exergy destruction rate in the burner-reformer device becomes equal for both systems. The exergy destruction rate of the compressor, the turbine and the evaporator is low comparing to the other devices. Additionally the exergy destruction rate of the recuperator of the SOFC plant is approximately three times higher than the one of the SOFC-GT. The total power produced from the SOFC-GT system is illustrated in Figure 10 . At higher values of current density, power output increases with the decrease of utilization factor as gas turbine has a significant contribution to the total power output. At lower values of current density the SOFC-GT system's power output seems to be insensitive to the change of fuel utilization factor. Maximum power output occurs at higher current densities for decreasing fuel utilization factors. Figure 10 . The effect of current density and fuel utilization factor on the total power output of the SOFC-GT; T FC = 600 °C and r p = 4. Figure 11 . The effect of current density and fuel utilization factor on the power output of the SOFC device, on the total power output of the SOFC-GT, and on the fuel consumption; T FC = 600 °C.
In order to be better understood the operation of the SOFC-GT system, the effect of current density on: (a) the total ethanol consumption (in terms of power), (b) the power produced from the SOFC device and (c) the total power produced (sum of the power produced from the SOFC and the Gas Turbine device) is presented in Figure 11 , for utilization factors of 0.7 and 0.9, respectively. The marked region represents the power produced by the gas turbine. In other words the power contribution of the gas turbine to the total power output from the SOFC-GT system. It is clear that as the current density increases and/or the U f decreases, the gas turbine's power output increases, while the fuel cell's power output remains constant.
Finally, in Figure 12 the effect of current density and utilization factor on the ethanol rate consumption (in terms of kgs per second): (a) in the reformer, (b) in the burner and (c) in the SOFC-GT system (total rate) is illustrated. The ethanol is consumed in the reformer for hydrogen production and as it can be distinguished in Figure 12a , its rate increases as the current density increases. Moreover, at high current density values, as the utilization factor decreases-unreacted hydrogen increases-the ethanol consumption rate becomes higher. In Figure 12b , the rate of ethanol consumption in the burner device as a function of current density and utilization factor is depicted. It can be seen that at high current densities and low U f , no ethanol is required for the burner. As discussed above, in this case the rate of the heat production in the fuel cell device (polarization losses) is high enough to support the whole system's energy requirements. On the other hand, when the fuel cell operates at low current densities and high utilization factor values, ethanol supply is necessary. Figure 12c simply depicts the total ethanol consumption rate (sum of ethanol consumption rate in the burner and the reformer device) as a function of current density and utilization factor. Figure 12 . The effect of current density and fuel utilization factor on the ethanol consumption rate in: (a) the reformer, (b) the burner, (c) the whole SOFC-GT system; T FC =600 °C and r p = 4.
Conclusions
In this work two Solid Oxide Fuel Cell based systems (SOFC-GT and SOFC) are exergetically analyzed and compared. It was found that for both cases the exergy efficiency value approaches 60% when the fuel cell operates at very low current density values and high utilization factor. However, when higher current densities are required, the SOFC-GT exergetic efficiency prevails that of the SOFC. Moreover, when the systems are operating with low fuel utilization factor, SOFC-GT plant is more efficient than the SOFC plant. As the utilization factor increases there is a region in which the later becomes more efficient than the former. This region increases as the U f increases. Additionally, it is also concluded that only at low values of current density lower operating fuel cell temperature leads to higher efficiency for both plants.
